Mammalian glycosaminoglycans are linear complex polysaccharides comprising heparan sulfate, heparin, dermatan sulfate, chondroitin sulfate, keratan sulfate and hyaluronic acid. They bind to numerous proteins and these interactions mediate their biological activities. GAG-protein interaction data reported in the literature are curated mostly in MatrixDB database (http://matrixdb. univ-lyon1.fr/). However, a standard nomenclature and a machine-readable format of GAGs together with bioinformatics tools for mining these interaction data are lacking. We report here the building of an automated pipeline to (i) standardize the format of GAG sequences interacting with proteins manually curated from the literature, (ii) translate them into the machine-readable GlycoCT format and into SNFG (Symbol Nomenclature For Glycan) images and (iii) convert their sequences into a format processed by a builder generating three-dimensional structures of polysaccharides based on a repertoire of conformations experimentally validated by data extracted from crystallized GAG-protein complexes. We have developed for this purpose a converter (the CT23D converter) to automatically translate the GlycoCT code of a GAG sequence into the input file required to construct a three-dimensional model.
Introduction
The family of mammalian glycosaminoglycans (GAGs) encompasses heparin (HP), heparan sulfate (HS), dermatan sulfate (DS), chondroitin sulfate (CS), keratan sulfate (KS) and hyaluronic acid (HA). These linear and complex polysaccharides are made of a repeating disaccharide unit comprised of a hexuronic acid (or galactose in keratan sulfate) and a hexosamine. Their molecular mass ranges from a few kDa to 2 × 10 6 kDa for HA, which has a large hydrodynamic size. All GAGs, except hyaluronic acid, are sulfated and are covalently linked to protein cores to form up to 43 proteoglycans (Iozzo and Schaefer 2015) , which are found at the cell surface and in the extracellular matrix. GAGs undergo several chemical modifications (epimerization, N-and O-sulfation and N-acetylation) in the course of their biosynthesis, which generates a large structural diversity (e.g., 48 theoretical disaccharides for heparan sulfate, and 23 identified in mammals, Lu et al. 2006, Bülow and Hobert, 2006) . The combinatorial sulfation patterns create GAG glycocodes, which dictate their regulation of signaling pathways and their binding to proteins (Neugebauer et al., 2013) . Heparin and heparan sulfate interact with several hundred proteins (e.g., extracellular matrix (ECM) proteins, enzymes, growth factors, chemokines, proteins involved in innate immunity), and to numerous pathogens. These interactions play important roles in physio-pathological processes such as wound healing, angiogenesis, cancer, neurodegenerative diseases, and host-pathogen interaction (Ori et al. 2011 , Xu and Esko 2014 , Meneghetti et al. 2015 .
There is thus a need to collect GAG-protein interaction data, experimentally and by curation of the literature, and to analyze them in order to decipher, ultimately at the three-dimensional level (Imberty et al. 2007 ), the molecular mechanisms governing the biological functions of GAGs. We began to address this need by creating the MatrixDB, a database focused on the extracellular matrix, in which GAG-protein interactions have been collected and curated for several years (Chautard et al. 2011 , Launay et al. 2015 . MatrixDB is freely and publicly available (http://matrixdb.univlyon1.fr/), and complies with the curation rules of the International Molecular Exchange (IMEx) consortium (Orchard et al., 2012) to which it belongs. The database can be queried with a wide range of keywords and provides tools for visualizing and mining interaction data. However, the complexity of protein-GAG interactions is still underexplored mainly because of the lack of standardized description of GAG sequences interacting with proteins. This prevents for example the molecular description of protein binding sites on GAGs, which in turn prevents searches aiming at identifying proteins sharing common binding GAG features and mechanisms of action. A machine-readable format providing text and graphical descriptors of GAGs, compatible with existing glycan databases to ensure their interoperability, and enabling data mining, is thus needed to explore GAG-protein interaction data (Ricard-Blum and Lisacek, 2017 ). An attempt to standardize the GAG nomenclature has been made by designing a disaccharide structure code (Lawrence et al. 2008 ) but it has not been consistently and routinely adopted by the GAG community so far. The present work addresses this issue and introduces an automated pipeline built to (i) standardize the format of protein-binding GAG sequences manually extracted and curated from the literature, (ii) translate them into the machinereadable GlycoCT format (Herget et al. 2008 ) and into SNFG (Symbol Nomenclature For Glycan, Varki et al. 2015) images and (iii) convert curated GAG sequences into the plain ASCII text file (inp) format processed by the POLYS builder generating threedimensional structures of polysaccharides based on a repertoire of conformations experimentally validated by data extracted from crystallized GAG-protein complexes.
Results

Cross-referencing interacting GAG sequences with other databases
Each GAG sequence interacting with one or more proteins was indexed in MatrixDB as GAG_x where x is a number incremented for each GAG sequence. These sequences were manually translated into the IUPAC condensed format used to create the corresponding entries (49) in the database of Chemical Entities of Biological Interest (ChEBI, https://www.ebi.ac.uk/chebi/, Hastings et al. 2016) . The GlycoCT format, automatically derived from the IUPAC format, was used to cross-reference with GlyTouCan, the major repository of glycans (https://glytoucan.org/, Tiemeyer et al. 2017) . GAG entries in MatrixDB were thus cross-referenced with both ChEBI and GlyTouCan identifiers.
From SNFG images of GAGs to three-dimensional structures
The structural information encoded in the SNFG representation of glycans (Varki et al. 2015) is not sufficient for characterizing, building and handling three-dimensional structures. We therefore extended SNFG cartoons to include O-esters and ethers, which are attached to the symbol with a number (e.g., 3S for 3-O-sulfate groups, 2P for 2-O-phosphate group), and the nature of the absolute (D or L) and anomeric configurations (α or β). All pyranoses in the D configuration were assumed to have the 4 C 1 chair conformation, whereas those in the L configuration were assumed to have the 1 C 4 chair conformation. The descriptors of the ring conformations adopted by idopyranoses ( 1 C 4 , 4 C 1 and 2 S 0 ) were included within the monosaccharide symbol. The addition of the ring conformation in the monosaccharide symbol is the only discrepancy with the version of the SNFG nomenclature defined by Varki et al. (2015) . This point is currently discussed with the SNFG group, and the SNFG website (https://www.ncbi.nlm.nih.gov/glycans/snfg.html) will be updated when a consensus is reached on this point through the action of a working group specifically created to address this issue. The proposed extension led to describe a set of 32 GAG monosaccharides ( Figure 1 ) that were encoded in the GlycoCT format (the complete list of the codes is provided in Supplementary Figure 1 ) as well as a set of 202 unique GAG disaccharides (Supplementary  Table I ). 2,5 Anhydromannitol, generated by the depolymerization of heparin with nitrous acid followed by reduction (Bienkowski and Conrad 1985) , 4,5 unsaturated uronic acid, generated by the depolymerization of HP/HS by heparinase I (Tripathi et al. 2012) and its 2S derivative have been included in Supplementary Figure 1 . Figure 1 does not include the 4 C 1 conformation of L-idopyranoses because of their low abundance (around 1%). The SNFG representation and GlycoCT codes of the disaccharides comprising the six mammalian GAGs are shown in Figure 2 and examples of SNFG images of GAG decasaccharides are displayed in Figure 3 . This collection and representation of mono-, di-and polysaccharides provide the building blocks that will support the three-dimensional modeling of GAG sequences described in the following sections.
Exploring and probing the conformational space of GAG disaccharides
The determination of conformational preferences of GAG disaccharides was first performed by characterizing their preferred conformations on potential energy surfaces as a function of their glycosidic torsional angles Φ and Ψ. The potential energy surfaces of the 30 most frequent disaccharides occurring in vivo and in crystallized complexes (Supplementary Table II) were built. A typical conformational map displaying the shape of the low energy region (up to 10 kcal/mol with respect to the lowest energy minimum), the positions of energy minima, the routes for inter-conversion between conformers and the heights of the transitional barriers was obtained for each disaccharide. These maps display similar features, i.e., the occurrence of a low energy basin embedding one or two low-energy conformations. The PDB dataset consisting of 75 protein-GAG complexes corresponding to 266 disaccharides (Supplementary Table III ) was used to validate the computational conformational maps. The experimentally Φ and Ψ conformations measured with CARP were plotted on the corresponding potential energy surfaces. The results obtained for the eight disaccharides most frequently found in the GAG-protein complexes are displayed in Figure 4 . The experimental conformations were somewhat scattered but they were all located in the lowest energy regions of the corresponding map in all cases. The values of the Φ and Ψ angles of HP/HS and HA oligosaccharides complexed with proteins were clustered into two major areas (Supplementary Table III ). The chemical modifications of GAG disaccharides, including the sulfate groups, had a minor influence on their conformational space as well as on the locations of the low energy conformers (Supplementary Figure 2) . The conformation, either 1 C 4 or 2 S 0 , of iduronic acid did not influence the Φ and Ψ map when it was located at the non-reducing end of the disaccharide and led to a spatial restriction whenever it was located at its reducing end (Supplementary Figure 3) .
Clustering the GAG disaccharides
The previous section highlights the agreement between the predicted and observed low-energy conformations of GAG disaccharides. Generating the full set of potential energy surfaces for the 202 unique GAG disaccharides would be a huge and time-consuming task. However, an in-depth analysis of the topology of each GAG disaccharide considering (i) the axial/equatorial orientation of substituents (hydroxyl, N-acetyl, and sulfate groups) on each monosaccharide, and (ii) the axial/equatorial orientation of the atoms of the glycosidic bonds appeared to be sufficient to cluster the 202 GAG disaccharides in eight families ( Figure 5 ). The full list of the disaccharide family members and the potential energy surfaces of each family are available in Supplementary Figure 4 . A likely low energy conformation at its glycosidic linkage can thus be attributed to any GAG disaccharide, which is a prerequisite for the generation of a preliminary but reliable three-dimensional structure.
Automated workflow translating GAG sequences into three-dimensional models GAG sequences, manually extracted and curated from the literature, were manually translated into the IUPAC format and then automatically converted into GlycoCT and SNFG formats using the tools described in the Material and methods section. The GlycoCT format was then automatically translated into the proper input format for the POLYS polysaccharide builder (Figure 6 ), which requires information on the three-dimensional structures of GAG monosaccharides and the low energy information of all the disaccharides to generate three-dimensional models. The sequence is then automatically processed by POLYS and translated into a three-dimensional model, which is visually inspected and can be further processed for energy minimization. This output is illustrated in Figure 7 where the three-dimensional model of a GAG octasaccharide is shown.
Discussion
The aim of the present work was to set up standardized textual, graphical and structural descriptors of GAGs ensuring present and future interoperability between glycan and protein-glycan interaction databases, and to set up the basis of a GAG metrology that is sorely lacking. We are nevertheless aware that the present work encompasses only part of the computational toolbox required for characterizing GAG dynamics at a macromolecular scale, which would ultimately provide a realistic description of the dynamics of protein-GAG interactions (Almond 2017) . The generation of relevant three-dimensional models from any given GAG sequence is a major step toward the understanding of the behavior of these polysaccharides and their conformational landscape. This will also provide crucial information on the relative spatial orientations of key chemical groups, which is clearly needed to identify the molecular features of GAGs involved in protein interactions, and the molecular signatures of GAG-interacting proteins belonging to the same family, exerting the same function or involved in the same biological process. This may ultimately contribute to decipher the glycocode ruling the combinatorial of chemical groups along GAG chains. Furthermore, the identification of the amino acids interacting with specific GAG features will allow us to refine our understanding of the GAG-protein interaction interface and to compare them with protein-protein interaction interfaces. This characterization will provide important data to design inhibitors specifically targeting protein-protein or protein-GAG interactions for therapeutic purposes. In addition, the three-dimensional models of GAGs will be used to perform docking experiments with proteins of known threedimensional structures and to generate three-dimensional GAG-protein complexes before running molecular dynamics simulations. Finally, this work is also a further step toward bridging glycomics with interactomics. This integration can be further improved by implementing pattern searches in protein-binding GAG sequences. To that end, the RDF model of the GlyS3 tool (Alocci et al. 2015) currently fitted to search N-or O-linked glycans could be adapted to include GAGs. More generally, further RDF-based modeling of GAG-protein interaction data will improve the data mining of GAG-protein interaction datasets. , 1BFC, 1E0O, 1G5N, 1GMN, 1QQP, 1T8U, 1XMN, 1XT3, 3INA, 3OJV,  4C4N, 4PXQ. (D) 1AXM, 1BFB, 1BFC, 1E0O, 1FQ9, 1G5N, 1GMN, 1XMN, 1XT3, 2AXM, 3INA, 3MKP, 3QMK, 3UAN, 4AK2, 4C4N, 4PXQ, 4RDA. (G) 1AXM, 1BFC,  1E0O, 1G5N, 1QQP, 1T8U, 1XT3, 3INA, 3OJV, 4C4N, 4PXQ. (H) 1AXM, 1BFB, 1BFC, 1E0O, 1FQ9, 1G5N, 1GMN, 1XMN, 1XT3, 2AXM, 3INA, 3OJV, 3QMK, 3UAN , 4AK2, 4C4N, 4PXQ, 4RDA, 5DNF and 3MKP, 5D65. Fig. 5 . Conformational maps of the 8 GAG families. Within any given A-B disaccharide, the monosaccharide A can be encoded by a unique sequence that describes the axial or equatorial orientation of the substituents in the following order C1 C2 C3 C4 C5 C6. β-D-Glcp can be encoded in the form e eeeee whereas β-D-Galp is described as e eeaee. The sequence of monosaccharide, B follows the form X C2 C3 C4 C5 C6 (C1), where X indicates the numbering of the atom which is part of the glycosidic linkage. NB the axial or equatorial position of C1 at the reducing end does not influence the overall features of the potential energy surface) β-D-Glcp can be encoded as X eeeeee and β-D-Galp as X eeaeee. Using this formalism, any disaccharide can be encoded in a condensed form as exemplified in the following examples: e eeeee 4 eeeee: β-D-GlcpA 1-4 α-D-GlcpNAc; a eeeee 4 eeeee: α-D-GlcpNS 1-4 β-D-GlcpA; e eeeee 3 eeaee: β-D-GlcpA 1-3 β-D-GalpNAc. Fig. 6 . The automated workflow translating GAG sequences into 3D models. It is used to standardize GAG sequences interacting with proteins, manually curated from the literature, to translate them into the machine-readable GlycoCT format and SNFG images, and to build their 3D models based on GAG conformational maps. Red arrows: automated steps, black arrows: manual steps.
Materials and Methods
Translation of GAG sequences into GlycoCT and SNFG formats GAG sequences were manually translated into the IUPAC condensed format, which was then automatically converted into the GlycoCT format by the Sugar Converter tool (https://bitbucket.org/sib-pig/ sugar-converter). The conversion of 4,5-unsaturated hexuronic acid residue was implemented in Sugar Converter because many HP/HS oligosaccharides used for binding assays are released from full-length GAGs by heparinase, which generates 4,5-unsaturated hexuronic acid. Several glycan formats exist, including CTFile (Dalby et al. 1992) , SMILES (Simplified Molecular Input Line Entry Specification syntax, Weininger 1988), IUPAC (https://iupac.org/), GlycoCT (Herget et al. 2008) , WURCS (Web3 Unique Representation of Carbohydrate Structures, Matsubara et al. 2017) , and LINUCS (LInear Notation for Unique description of Carbohydrate Sequences, Bohne-Lang et al. 2001) . We selected the GlycoCT format because it is used by the major glycan repository GlyTouCan (Tiemeyer et al. 2017) , Glyco3D (Pérez et al. 2015) and SugarBind (Mariethoz et al. 2016) . The GlycoCT format describes the residue entities in the RESsection, the bonds in the LIN-section, and the number of repeating units in the REP-section (Herget et al. 2008) .
The GlycanBuilder software (Ceroni et al. 2007) , was used to automatically convert GlycoCT-encoded GAG sequences into SNFG images (Varki et al. 2015) . Alternatively, the conversion can be done manually with GlycoWorkBench (Damerell et al. 2012) , which uses the GlycanBuilder library.
Conformational descriptors of GAG monosaccharides
The conformational descriptors of GAG monosaccharides include the shape of the rings, and the orientations of chemical groups. The description of a monosaccharide obeys the following rules <anome-ric prefix><prefix for absolute configuration><the monosaccharide code><prefix for ring configuration>_[<O-ester and O-ether substitutions>]_<specific conformation> (e.g., aLIdopA_2S_2S0). The relative orientation of the two successive monosaccharides linked by a glycosidic bond in a disaccharide is characterized by the Φ and Ψ torsion angles. In crystallography, Φ is defined as Φ = O5-C1-O1-Cx, and Ψ as Ψ = C1-O1-Cx-Cx+1, where x is the number of the carbon atom of the second monosaccharide with which the 1-x glycosidic bond is formed. An alternate definition used in NMR spectroscopy refers to the hydrogen atoms with Φ H = H1-C1-O1-Cx and Ψ H = C1-O1-Cx-Hx.
Dataset of GAG-protein complexes extracted from the Protein Data Bank
A dataset of protein-GAG complexes was automatically retrieved from the Protein Data Bank (https://www.rcsb.org/, March 2017) using a tool available at http://glycosciences.de/database/start.php? action=form_pdb_data (Thomas Lütteke, thomas@luetteke-online. de) with the following queries: "heparin", "heparan sulfate", "dermatan sulfate", "keratan sulfate", "chondroitin sulfate", "hyaluronic acid", and "hyaluronan". These queries returned 81 results; 23 further entries were identified by manual curation. The deletion of redundant entries, namely entries corresponding to GAGs alone or without any GAG, resulted in 86 unique complexes, 75 containing GAGs and 11 containing GAG analogs (e.g., sucrose octasulfate).
Dataset of GAG as occurring in complex with proteins
The values of the Φ and Ψ torsion angles of GAG oligosaccharides bound to proteins were calculated in the dataset of GAG-protein complexes extracted from the Protein Data Bank with the CARP tool using the pdb2linucs algorithm (CArbohydrate Ramachandran Plot, http://glycosciences.de/tools/carp, Lütteke et al. 2005) . The following parameters were used for the calculation: "data source for plot: PDB (crystallographic definition)", "Find carbohydrates in HETATM only", "Assign connections by atom distances: off". The values of the Φ and Ψ phi angles were calculated manually with PyMol (https://pymol.org/2/) in some complexes, which failed to be analyzed with CARP. Other relevant descriptors such as the conformations of the iduronate rings and the orientations of the sulfate groups were calculated as well.
Conformational energy calculations
The geometry optimization of the monosaccharides and of the most frequent disaccharides existing in vivo and in GAG-protein crystals was performed with the MM3 force field with proper parametrization for carbohydrates containing sulfate groups (Allinger et al. 1989 , Le Questel et al. 1995 . The calculations and plots of the conformational maps (PHI/PSI maps) were performed using the Conformational Analysis Tool (CAT) software (http://www.mdsimulations.de/CAT/, Martin Frank, martin@glycosciences.org, May 2012) with the THINKERS programs to minimize, optimize and run molecular dynamics calculation usually for a 50 ns simulation at 700 K. 
interacting with VEGF 165 (Zhao et al., 2012 ) generated with POLYS. POLYS cannot process unknown monosaccharides, we have thus replaced the first monosaccharide α-L-ΔHexA(2S) by α-L-IdoA(2S).
Building and display of the three-dimensional structural models of GAGs
The construction of three-dimensional structures of GAGs was performed using the polysaccharide builder program POLYS (Engelsen et al. 2014) . It is based on an algorithm designed to use optimized monosaccharide structures, and connect them using established energetically favorable geometries. This approach was previously used and was found to efficiently build reliable complex carbohydrate structures (Pérez and Tvaroška 2014) . Steric conflicts rarely occur when using energetic minima derived from conformational analysis of disaccharides. However, when they occur they are detected visually and can be dealt with by manually adjusting the structure, or resolved by a simple energy optimization through molecular mechanics. We have developed a converter written in Perl to automatically translate the GlycoCT code of a GAG sequence into the input file required to construct a three-dimensional model (https://github.com/OlivierClerc/convert-glycoct-inp). The converter also requires the set of torsion angles of each glycosidic linkage, the conformation of idose ( 1 C 4 by default), and the number of repeats to generate three-dimensional models. The three-dimensional structure of a regular polysaccharide can be generated from its repeating unit and its degree of polymerization. The three-dimensional models can be visualized on the POLYS website (http://glycan-builder. cermav.cnrs.fr/gag/) using the LiteMol application (Sehnal et al. 2017) . It is possible to download the atomic coordinates of the models and to use the molecular visualization program Sweet Unity Mol tailored to deal with the range of three-dimensional structures of complex polysaccharides (Pérez et al. 2015) . We have developed a version of POLYS dedicated to the building of three-dimensional models of GAGs (http://glycan-builder.cermav.cnrs.fr/gag/).
Supplementary data
Supplementary data is available at Glycobiology online. 
